Although the important role of amyloid precursor protein (APP) in vascular diseases associated with Alzheimer's disease (AD) has been demonstrated, the underlying molecular mechanisms and physiological consequences are unclear. We aimed to evaluate vascular inflammation and atherosclerosis in Swedish mutant of human APP transgenic (APPsw-Tg) and ApoE −/− /APPsw-Tg mice. We also aimed to explore the mechanisms underlying any changes observed in these mice compared with non-Tg controls. Methods: The transgenic and non-Tg mouse strains were subjected to partial ligation of the left carotid artery to induce atherosclerotic changes, which were measured using histological approaches, immunohistochemistry, quantitative polymerase chain reaction, and gene expression microarrays. Results: Our results showed increased vascular inflammation, arterial wall thickness, and atherosclerosis in APPsw-Tg and ApoE −/− /APPsw-Tg mice. We further found that the expression of chitinase-3-like-1 (Chi3l1) is increased in the APPsw-Tg mouse artery and Chi3l1 mediates endothelial cell (EC) inflammation and vascular smooth muscle cell (VSMC) activation, which in turn exacerbates atherosclerosis. In addition, using two publicly available microarray datasets from the dorsolateral prefrontal cortex of people with AD and unaffected controls as well as inflamed human umbilical vein endothelial cells, we found that Chi3l1 and associated inflammatory gene were significantly associated with AD, evaluated by co-expression network analysis and functional annotation. Knockdown of Chi3l1 in the arterial endothelium in vivo suppressed the development of atherosclerosis. We also show that microRNA 342-3p (miR-342-3p) inhibits EC inflammation and VSMC activation through directly targeting Chi3l1, and that APPsw increased Chi3l1 expression by reducing miR-342-3p expression in the arterial endothelium, promoting atherosclerosis. Conclusion: Our findings suggest that targeting Chi3l1 might provide new diagnostic and therapeutic strategies for vascular diseases in patients with AD.
Introduction
Alzheimer's disease (AD), a progressive neurodegenerative disorder, remains a major cause of morbidity and mortality worldwide [1] . AD is characterized by extracellular amyloid plaques (senile plaques) composed of aggregated amyloid-β (Aβ) peptides and the intracellular formation of neurofibrillary tangles, consisting of aggregated, hyperphosphorylated tau protein, accompanying neuron loss, and eventual dementia [2] . Numerous studies have shown that vascular disease represents a major potential risk factor associated with the development and progression of AD; in particular, atherosclerosis has long been implicated in the pathogenesis of dementia [1, 3, 4] . Additionally, increasing evidence suggests that AD and atherosclerosis may not only share genetic and environmental risk factors but might also have common molecular mechanisms [5] .
The amyloid precursor protein (APP) is an integral membrane protein expressed abundantly in the brain; the consecutive proteolysis of APP by β-and γ-secretases generates Aβ peptides [6, 7] . Several previous studies have demonstrated that APP is also present in arterial vascular cells and that it may play a role in the pathogenesis of vascular inflammation and atherosclerosis [8] [9] [10] [11] [12] [13] [14] . Considering that APP is overexpressed in atherosclerosis-prone regions of the human and mouse aorta [15, 16] , it is plausible to assume that APP levels are associated with arterial plaque formation and thus, apart from epidemiological and pathophysiological factors, might serve as a biochemical link between AD and atherosclerosis [17] . Previously, the development of non-dietary induced early atherosclerotic lesions has been observed in double Swedish mutated human APP (APPsw) transgenic (Tg) mice [11] . Furthermore, APP overexpression induced endothelial dysfunction and accelerated aortic atherosclerotic development in apolipoprotein E knockout (ApoE −/− ) mice [18, 19] . Conversely, genetic deletion of APP attenuated atherogenesis in ApoE −/− mice [20] . In addition, a recent study has shown that an increased level of APP mediates monocyte adhesion to the endothelium in ApoE −/− mice and in patients with AD, suggesting that endothelial APP function is involved in the vascular dysfunction associated with atherosclerosis and AD [19] .
However, the underlying molecular mechanisms and physiological consequences of APP action in AD-associated vascular dysfunction and atherogenesis remain unclear. A previous study suggested that APP acts in this context through inducing the expression of inflammatory mediators such as monocyte chemoattractant protein-1, interleukin 6 (IL-6), vascular cell adhesion molecule 1 (VCAM1), and intercellular adhesion molecule 1 (ICAM1) in the aorta of APP23/ApoE −/− mice [18] . Another study demonstrated the decreased expression of endothelial nitric oxide synthase (eNOS) and superoxide dismutase and increased production of superoxide anions in the aorta of APP-Tg mice, and showed that these were recovered by treatment with the peroxisome proliferator-activated receptors δ ligand, resulting in decreased endothelial dysfunction [10] . Further studies are required to fully elucidate the exact molecular mechanisms underlying the pathophysiological role of APP in the development of atherosclerosis.
We have recently utilized a proteomics approach to identify novel markers for AD, demonstrating that the expression level of a chitinase-like-3 protein (CL3P) family member is markedly increased in the brain tissue of Tg mice overexpressing APPsw under the control of the neuron-specific enolase (NSE) promoter [21] . Although a number of CL3Ps have been identified in mammals, their roles have only recently begun to be elucidated. Previous studies have identified significantly increased expression levels of CL3P in chronic inflammation [22] and in the brain of AD patients [23] . In addition, the results from recent studies on human subjects have suggested that chitinase-3-like protein 1 (Chi3l1), also termed YKL-40, might serve as a potential biomarker in the blood plasma and cerebrospinal fluid for AD diagnosis [24] [25] [26] [27] [28] [29] . Furthermore, recent studies have reported that the expression level of Chi3l1 is increased in atherosclerotic aorta [30, 31] and have demonstrated that increased plasma Chi3l1 is associated with endothelial dysfunction [32, 33] and thromboembolic stroke [34] and have suggested Chi3l1 as a diagnostic marker for cardiovascular diseases [35] [36] [37] , whereas knockdown of Chi3l1 in ApoE −/− mice suppresses atherosclerotic plaque progression [30] and abdominal aortic aneurysm (AAA) development [38] .
The expression of Chi3l1 has recently been shown to be regulated by a vascular function-regulatory microRNA (miRNA), miR-24, during AAA development [38] . Notably, miRNAs have been demonstrated to be involved in key physiological and pathophysiological aspects of vascular function and atherogenesis [39, 40] . However, the role of Chi3l1 with respect to APP and the correlation between Chi3l1 and miRs in atherosclerosis have not yet been studied. Accordingly, we investigated the role of Chi3l1 in APPsw-mediated vascular dysfunction and atherosclerosis progression using APPsw-Tg mice as well as ApoE −/− /APPsw-Tg mice. We also explored the involvement of microRNA regulatory mechanisms in Chi3l1-mediated vascular cell dysfunction.
Results

Increased vascular inflammation and arterial wall thickening in APPsw-Tg mice
To investigate the association between APPsw and vascular disease development and progression, we first determined whether APPsw regulates the mRNA expression of VCAM1 and ICAM1, vascular inflammatory marker genes, in the arterial endothelium under the pathophysiological conditions of vascular inflammation as well as atherogenesis. For this assessment, we utilized the partial carotid ligation model, a mouse model of vascular inflammation and atherosclerosis, and an intimal RNA isolation method [41, 42] . APPsw-Tg and non-Tg littermate control mice underwent partial carotid ligation surgery on left carotid artery (LCA), whereas the contralateral right carotid artery (RCA) remained non-manipulated to serve as a control, then endothelial-enriched RNA was collected from the LCA and RCA of APPsw-Tg and non-Tg mice at 48 h post-ligation, as presented in Figure S1A . The mRNA expression of VCAM1 and ICAM1 in the endothelium was found to be increased in partially-ligated LCA as compared to non-manipulated RCA in non-Tg mice ( Figure 1A ) as previously shown [42] . In comparison, APPsw-Tg mice also demonstrated increased expression of both VCAM1 and ICAM1 in LCA; however, the increment rates were much greater than those of non-Tg mice ( Figure 1A) . Notably, we observed that the basal expression levels of VCAM and ICAM1 in APPsw-Tg mice RCA were higher than those in the non-Tg mice RCA ( Figure 1A) .
Next, we examined the effect of APPsw on wall-thickening and vascular inflammation using the same partial carotid ligation model in conjunction with a high-fat diet (HFD) for 4 weeks ( Figure S1B ). We observed minimal arterial changes in the LCA of non-Tg mice: decreased overall arterial lumen size was apparent compared with the RCA, but without significant intima-media thickening ( Figures 1B, C) . The expression of VCAM1 and ICAM1 mRNA was determined by qPCR using endothelial-enriched RNA obtained from the left carotid artery (LCA) and right carotid artery (RCA) following partial carotid ligation in APPsw-Tg or non-Tg mice at 2 days post-ligation (n = 5 each, data shown as mean ± SEM, *p < 0.05 as determined by paired t-test). (B-J) For the assessment of arterial wall thickening, APPsw-Tg and non-Tg littermate control mice (n = 6 each) were partially ligated and fed a high-fat diet for 4 weeks. (B) Aortic trees including the carotid arteries were dissected and examined by bright-field imaging, and the (E) lesion area, (F) lesion size and intima-media thickness were quantified (n = 6 each, data shown as mean ± SEM, *p < 0.05 as determined by Student's t-test). Scale bar, 1 mm. Frozen sections prepared from the lesion area of LCA, denoted by red arrows in B, were stained with (C) H&E, (D) PCNA, (H) VCAM1, (I) ICAM1 and (J) MOMA2. Images shown are representative microscopy images (n = 6 each). Nuclei (blue) and protein expression (brown) are shown. Scale bar, 100 μm.
In contrast, partial ligation of the LCA induced marked structural changes and robust arterial wall thickness in APPsw-Tg mice LCAs, whereas the unligated RCAs remained lesion free ( Figures 1B, C) . In addition, increased cell proliferation, as assessed by PCNA immunostaining, in the arterial wall was observed in APPsw-Tg mice LCA compared to non-Tg mice ( Figure 1D ). More specifically, the lesion area ( Figure 1E ) and lesion size ( Figure 1F ) in APPsw-Tg mice LCAs were significantly increased by 4.6-fold and 2.7-fold compared with non-Tg mice, respectively. Furthermore, the vessel intima-media thickness was significantly increased in the APPsw-Tg mice LCAs compared to that in the non-Tg control mice ( Figure 1G ). We further confirmed that the basal protein expression levels of VCAM1 and ICAM1 in the RCAs of APPsw mice were much higher than those of non-Tg mice, consistent with the mRNA expression levels shown in Figure 1A , and that the expression level changes in APPsw-Tg mice LCAs compared with RCA were much greater than those in non-Tg mice ( Figures 1H, I ). Furthermore, increased arterial wall thickening in the LCA of the APPsw-Tg mice was correlated with increased leukocyte infiltration, as assessed by MOMA2 immunostaining, whereas this association was not observed in non-Tg control mice ( Figure 1J ). Taken together, our findings demonstrated that overexpression of APPsw promotes a pro-atherogenic phenotype in the artery.
Identification of genes regulated by APPsw in the mouse arterial endothelium
To identify which genes were regulated by APPsw in the arterial endothelium in vivo, we performed an in vivo DNA microarray study using endothelial-enriched RNAs obtained from APPsw-Tg mice carotid arteries 48 h post partial ligation and RNAs from non-Tg mice for comparison as presented in Figure S1A . The microarray data showed 389 (290 upregulated and 99 downregulated) genes were altered by more than 2-fold in the non-Tg mice LCA compared with RCA endothelium by 48 h after partial ligation ( Figure 2A , Table S1 ), whereas 522 (433 upregulated and 89 downregulated) genes were changed in the APPsw-Tg mice LCA ( Figure 2B , Table  S2 ). Interestingly, we found that 219 (210 upregulated and 9 downregulated) gene were changed (≥2-fold) in the non-manipulated RCA endothelium of APPsw-Tg mice compared with the non-Tg mice RCA ( Figure  2C , Table S3 ). In addition, 288 genes were upregulated and 14 genes were downregulated by more than 2-fold in the partially-ligated LCA endothelium of APPsw-Tg mice compared with the non-Tg mice LCA ( Figure 2D , Table S4 ). These findings suggest that APPsw modulates the expression of endothelial genes under both intact and atheroprone conditions.
To explore the functional importance of the APPsw-regulated genes in more depth, we subjected the list of changed (≥2-fold) genes to functional annotation analysis. On the basis of array Gene Ontology, DAVID and Kyoto Encyclopedia of Genes and Genomics (KEGG) analysis, we found that genes involved in multiple pathways including immune system processes, inflammatory response, cell adhesion, response to stress, transport, signal transduction, and apoptotic process were affected by APPsw overexpression (Table S5 ). Biological processes enriched in genes whose expression differed between non-Tg mice LCA and non-Tg mice RCA (Table S6) , APPsw-Tg mice LCA and APPsw-Tg mice RCA (Table S7) , APPsw-Tg mice RCA and non-Tg mice LCA (Table S8 ), or APPsw-Tg mice LCA and non-Tg mice LCA (Table S9) were associated with APPsw expression in the mouse model of vascular inflammation and atherosclerosis. Among the upregulated ( Figure 2E ) or downregulated ( Figure 2F ) genes in both APPsw-Tg and non-Tg mice, we found that chitinase-3-like-3 (Chi3l3) was the most robustly changed (34-fold upregulated) gene in the partially-ligated LCA compared with the non-manipulated RCA in both APPsw-Tg and non-Tg mice. This microarray result was further confirmed by quantitative real-time PCR (qPCR) verification ( Figure  2G ).
Chi3I3 is known as a mouse-specific chitinase-3-like protein [43] and has considerable sequence homology with Chi3l1 [44] , also known as YKL-40, which has homologs present in both humans and mice. Therefore, we further determined whether expression changes were observed in Chi3l1 as well. Our qPCR results showed that the expression of Chi3l1 was significantly upregulated in partially-ligated LCAs compared with non-manipulated RCAs in both APPsw-Tg and non-Tg mice, but its increment level in APPsw-Tg mice LCA was much greater than that in non-Tg mice LCA ( Figure 2H ). In addition, similar to that observed for Chi3l3 expression, we found that the basal mRNA and protein expression levels of Chi3l1 in non-manipulated APPsw-Tg mouse RCA were much higher than those in the non-Tg mouse RCA ( Figure  2H, I ). These results indicated that Chi3l3 and Chi3l1 represent genes that are robustly upregulated in the artery by APPsw expression under pro-atherogenic conditions in vivo. However, because Chi3l3 is a mouse-specific gene, we decided to focus on the potential pathophysiological importance of Chi3l1 on vascular inflammation and atherogenesis related to APPsw. 
Co-expression network analysis of Chi3l1 expression in AD patient brain and inflamed human endothelial cells
In order to validate the role of Chi3l1 in the pathophysiology of AD as well as vascular disease in humans, we performed co-expression network analysis and then compared two co-expression modules including Chi3l1. First, we generated co-expression modules using the microarray data from the dorsolateral prefrontal cortex (PFC) of people with AD (n = 129) and unaffected controls (n = 101). Of the 45 co-expression modules, an AZ_M32 module that included the Chi3l1 gene was significantly associated with AD (Table S10 ). The eigengene values in this module were significantly up-regulated in the PFC of AD patients as compared to unaffected controls ( Figure 3A) , and inflammatory response, immune response, apoptosis, and angiogenesis were significantly enriched in this module ( Figure 3B , Table S11 ). Next, we generated co-expression modules from microarray data from tumor necrosis factor alpha (TNF-α)-treated human vascular endothelial cells (HUVECs, n = 4) and mock-treated HUVECs (n = 4). Of the 61 co-expression modules, an EC_M47 module that included the Chi3l1 gene was significantly associated with TNFα treatment in the HUVECs (Table S12 ). The eigengene values in this module were significantly up-regulated in the TNFα-treated HUVECs as compared to mock-treated cells ( Figure 3C ), and inflammatory response, immune response, angiogenesis, and apoptosis were significantly enriched in this module ( Figure 3D , Table S13 ). This result suggests that up-regulation of Chi3l1 may be significantly associated with AD as well as atherosclerosis through inflammatory response, immune response, angiogenesis, and apoptosis.
Chi3l1 induces endothelial inflammation and enhances PDGF-induced VSMC migration and proliferation
Next, we explored the role of Chi3l1 on vascular cell function in primary cultured arterial endothelial cells (ECs) and vascular smooth muscle cell (VSMCs) in vitro. First, to test whether Chi3l1 regulates endothelial inflammation, human umbilical vein ECs (HUVECs) and immortalized mouse arterial ECs (iMAECs) were treated with recombinant human Chi3l1 protein (rhChi3l1) and then monocyte-EC adhesion and NO generation assays were performed. Treatment of rhChi3l1 increased monocyte-EC adhesion in a dose-dependent manner in both HUVECs and iMAECs ( Figure 4A ), whereas it decreased NO levels ( Figure 4B ). We further tested whether these proinflammatory effects were able to be reversed by the Chi3l1 knockdown. For this, HUVECs and iMAECs were stimulated with recombinant human interleukin-6 (IL-6) to induce inflammation. In ECs, IL-6 treatment significantly increased the expression of Chi3l1, whereas this was significantly downregulated by Chi3l1 siRNA ( Figure  S2 ). We found that knockdown of Chi3l1 also inhibited IL-6-induced monocyte adhesion ( Figure  4C ) and reversed the reduction of NO affected by IL-6 in ECs ( Figure 4D ). In addition, knockdown of Chi3l1 reduced IL-6-induced expression of cell adhesion proteins such as VCAM1 ( Figure 4E ) and ICAM1 ( Figure 4F ) and recovered eNOS ( Figure 4G ) expression in ECs. These results suggest that Chi3l1 enhances IL-6-mediated endothelial inflammatory responses including VCAM1 and ICAM1 as well as eNOS expression and monocyte adhesion.
To examine cell migration and proliferation in primary cultured mouse aortic VSMCs from C57BL/6 mice aorta in response to rhChi3l1 treatment, VSMCs were treated with several doses of rhChi3l1 for 24 h and then subjected to wound healing and BrdU incorporation assays. We observed that high-doses of rhChi3l1 (≥ 100 ng/mL) significantly induced migration ( Figure 5A ) and proliferation ( Figure 5B ) whereas the cells did not respond to low-dose (≤ 50 ng/mL) rhChi3l1 treatment ( Figures 5A, B) . Notably, we found that co-treatment with a low-dose of rhChi3l1 (50 ng/mL), which did not induce significant cell responses alone, significantly enhanced PDGF-subunit B homodimer (PDGF-BB)-induced cell migration and proliferation, whereas knockdown of Chi3l1 led to significantly reduced PDGF-BB-stimulated VSMC responses ( Figures 5C, D) . These results suggested that Chi3l1 potentiates VSMC responses to PDGF-BB with respect to cell migration and proliferation. (E-G) HUVECs and iMAECs were transfected with siChi3l1 or siControl. After 24 h, cells were treated with IL-6 for 24 h, and the mRNA expression of (E) VCAM1, (F) ICAM1, and (G) eNOS was determined by qPCR (n = 5). All data are shown as mean ± SEM, *p < 0.05 as determined by paired t-test.
miR-342-3p targets Chi3l1 and regulates EC inflammation as well as VSMC migration and proliferation
To investigate whether microRNA (miRNAs) are involved in Chi3l1-mediated enhancement of vascular inflammation and atherosclerosis in APPsw-Tg mice, we carried out an in silico analysis using the miRNA target prediction tools from miRWalk (http://www.umm.uni-heidelberg.de/apps/zmf/mi rwalk/). The Gene-microRNA targets analysis resulted in a list of 5934 and 527 miRNAs that are predicted to bind to their target sequences in the 3' UTR region of APP and Chi3l1, respectively ( Figure  S3A ). We compared these putative APP-or Chi3l1-targeting miRNAs to a list of miRNAs from publicly available microarray data of partially ligated mouse carotid arterial endothelium [45] . Among 537 miRNAs that were differentially expressed in partially ligated mouse carotid arterial endothelium, we identified 14 miRNAs that were predicted to target both of APP and Chi3l1 ( Figure S3B ). Of those 14 candidate miRNAs, we validated the expression of 11 miRNAs-3 (miR-103, miR-107, and miR-706) were excluded due to lack of specific primer availability-in endothelial RNA obtained from APPsw-Tg and non-Tg mouse carotid arteries at 48 h post partial ligation of LCA using the Qiagen miScript miRNA-specific primer assay. The qPCR results showed that expression of miR-24-1-5p, miR-26a, miR-26b, miR-107 and miR-125b-5p were found to be increased in partially-ligated LCA endothelium as compared to non-manipulated RCA in APPsw-Tg mice and expression levels of these miRNAs were higher than those of non-Tg mice LCA ( Figure S4A ), whereas miR-125a-3p, miR-296-3p, miR-541-5p and miR-342-3p were decreased in APPsw-Tg mice compared with non-Tg mice ( Figure 6A, Figure S4B ), but expression patterns of miR-242-5p and miR- 26-3p were not different between APPsw-Tg mice and non-Tg mice ( Figure S4C ). As only miR-342-3p showed significant differences among changed miRNAs in APPsw-Tg mice LCA (Figure 6A ), we focused our attention on miR-342-3p as a novel regulator of Chi3l1. Interestingly, very recent studies have suggested that miR-342-3p acts as a novel biomarker for AD and is downregulated in the blood serum/plasma of patients with AD [46, 47] . However, the functional role of miR-342-3p in vascular disease and AD, and in particular vascular inflammation and atherosclerosis through the regulation of Chi3l1 expression, has not previously been reported.
To investigate the biological role of the potential miR-342-3p regulation of Chi3l1 in ECs, we first tested whether the expression of miR-342-3p was influenced in inflamed ECs. We found that miR-342-3p expression was significantly decreased in IL-6-teated iMAECs ( Figure 6B ), which is consistent with our observations in vivo as shown above. Next, we examined whether miR-342-3p directly targets Chi3l1 as predicted by the in silico analysis. For this study, we employed a dual-luciferase reporter assay in iMAECs transfected with either wild-type or mutated Chi3l1 3'-UTR firefly luciferase constructs ( Figure 6C ). Overexpression of miR-342-3p by transfection of miR-342-3p mimic inhibited luciferase activity in a dose-dependent manner, whereas mutant or control-miR mimics had no effect ( Figure 6D ). This result suggested that miR-342-3p binds to the Chi3l1 3'-UTR and inhibits its expression. Next, we tested whether Chi3l1 expression was regulated in a miR-342-3p-dependent manner. Transfection of the miR-342-3p mimic effectively decreased IL-6-induced Chi3l1 expression in iMACEs (Figures 6E, F) . Together, these findings demonstrated that the downregulation of miR-342-3p in inflamed ECs is directly responsible for the associated increase of Chi3l1 expression. To investigate the biological relevance of downregulated miR-342-p in ECs and VSMCs, we examined the effects of miR-342-3p on monocyte adhesion and NO generation in ECs and on cell migration and proliferation in VSMCs. Overexpression of miR-342-3p by transfection with a miR-342-3p mimic significantly decreased IL-6-induced monocyte-EC adhesion both in iMAECs and HUVECs ( Figure 6G ). In contrast, miR-342-3p treatment reversed the reduction of NO caused by IL-6 ( Figure 6H ) in ECs. Furthermore, transfection of VSMCs with a miR-342-3p mimic effectively attenuated PDGF-BB-induced cell migration and proliferation ( Figure 6I ). Taken together, these results suggested that Chi3l1 functions downstream of miR-342-3p and that overexpression of miR-342-3p may have the potential to overcome EC inflammation and VSMC migration and proliferation in APPsw-Tg mice.
Knockdown of Chi3l1 decreases atherosclerotic lesions in ApoE
− / −
/APPsw-Tg mice
To investigate whether Chi3l1 plays a key role in the development of atherosclerosis in APPsw-Tg mice, we tested the effect of Chi3l1 knockdown on atherosclerosis development utilizing a Chi3l1 short hairpin RNA (shRNA)-expressing adenoviral vector (Ad-shRNA-Chi3l1) ( Figure S5A) . First, to test the transduction and knockdown efficiencies of Ad-Chi3l1-shRNA in the ECs in vitro, red fluorescent protein (RFP)-expressing Ad-shRNA-Chi3l1 was transduced to iMAECs. We found that Ad-Chi3l1-shRNA could be effectively transduced to the cultured iMAECs as demonstrated by fluorescence microscopy of RFP expression ( Figure  S5B ). As qPCR and Western blot results showed that Ad-Chi3l1-shRNA effectively silenced Chi3l1 expression in the iMAECs ( Figure S5C ). We further tested knockdown efficiency of Ad-shRNA-Chi3l1 in the mouse carotid endothelium in vivo, and found that administration of Ad-shRNA-Chi3l1 via tail-vein 2 days prior to LCA partial ligation surgery effectively knocked-down Chil1 expression in the mouse carotid endothelium as compared with the control Ad vector ( Figure S5D) ; this dose was used for all subsequent studies.
Finally, we tested the effect of Ad-shRNA-Chi3l1 in the partial carotid ligation atherosclerosis model using ApoE −/− /APPsw-Tg as well as ApoE −/− mice. In the control Ad vector-treated ApoE −/− /APPsw-Tg mice, the LCA developed robust atherosclerotic plaques at 10 days post-ligation when fed HFD compared with littermate control ApoE −/− mice ( Figures 7A-D) . Notably, treatment with Ad-shRNAChi3l1 significantly reduced atherosclerosis lesion development compared with the Ad-vector control group in both ApoE −/− /APPsw-Tg and ApoE −/− mice ( Figure 7A-D) . Increased atherosclerosis in the LCA model was correlated with increased leukocyte infiltration, as assessed by MOMA2 immunostaining ( Figure 7E ). Furthermore, we confirmed that the expression level of Chi3l1 in the LCA was significantly increased in both ApoE −/− /APPsw-Tg and ApoE −/− mice and subsequently markedly decreased following administration of Ad-Chi3l1-shRNA ( Figure 7F ). Taken together, these findings confirmed that Chi3l1 plays a key role in the development of atherosclerosis in APPsw-Tg mice. 
Discussion
The association of APP with vascular inflammation and atherosclerosis has been suggested previously [11, [15] [16] [17] [18] [19] [20] ; however, compelling evidence for its functional role and underlying mechanism has not yet become available, largely because of a lack of adequate animal models and methods to test the functions of APP in vivo. In the present study, we employed a partial carotid ligation mouse model that rapidly induces gene expression changes, endothelial inflammation, and atherosclerosis [41, 42, 48] . We also used a powerful method to extract endotheliumenriched RNA samples from the mouse carotid intima [41] , which allowed us to carry out genome-wide studies to identify APP regulating genes in APPsw-Tg mice. We further generated ApoE −/− /APPsw-Tg mice to provide direct evidence for the role of APPsw in atherosclerosis development in vivo. In particular, these analyses demonstrated the elevated expression of Chi3l1 in inflamed endothelium both in vivo and in vitro. We further found that the Chi3l1 gene is significantly associated with AD as well as EC inflammation through co-expression network analysis using microarray data from both AD patient brain tissues and inflamed ECs. Furthermore, through in silico analyses, we found that the Chi3l1 gene is related to multiple biological processes including immune/inflammatory response in the human brain with AD and inflamed ECs. It has long been recognized that immune/inflammatory response is a key event in the development of both AD and atherosclerosis [49] . In addition, pathological deposition of toxic Aβ activates immune/ inflammatory response during the disease progression of both AD and atherosclerosis [19, 50, 51] . These observations suggest that Chi3l1 may have a significant association with APP-mediated vascular inflammation as well as atherosclerosis. However, the involvement of Chi3l1 in AD-associated vascular inflammation and atherogenesis remains unclear. We thus focused our efforts on investigating the relationship between Chi3l1 and the pathophysiological role of APPsw in the development of atherosclerosis.
Chi3l1, a chitinase-like protein member of family 18 chitinases that is expressed in innate immune cells, lacks the characteristic enzymatic activity of this family; rather, is has been found to be involved in endothelial dysfunction and tissue remodeling [52] . chi3l1 expression is increased in a variety of inflammatory and chronic diseases including obesity, diabetes, nephropathy disease, rheumatoid arthritis, inflammatory bowel disease, cancer, coronary arterial diseases, and acute ischemic stroke [52] [53] [54] [55] [56] [57] [58] .
Furthermore, Chi3l1 was found to be secreted from differentiated macrophages in early-stage atherosclerosis lesions [59, 60] as well as from VSMCs during hyper cholesterol-induced coronary atherosclerotic plaque development in swine [31] . Notably, knockdown of the elevated Chi3l1 expression associated with the atherosclerotic aorta and endothelial dysfunction suppresses the progression of these characteristics in a mouse model [30-32, 34, 38, 61] . These data suggest that in addition to its potential role as a circulating biomarker for AD diagnosis [24] [25] [26] [27] [28] [29] , Chi3l1 might play an important role in vascular inflammation and the development of atherosclerosis in patients with AD. Therefore, we investigated whether the observed increased vascular inflammation, arterial wall thickening, and atherosclerosis in APPsw-Tg mice were mediated by Chi3l1 by performing supplementation and knockdown analyses. Briefly, rhChi3l1 treatment exhibited pro-atherogenic effects in vitro, as measured by monocyte-EC adhesion, inflammatory gene expression, and reduced NO generation in ECs along with enhanced VSMC proliferation and migration, whereas Chi3l1 knockdown yielded the opposite effects along with inhibiting atherosclerotic plaque development and vascular inflammation in vivo. Taken together, our findings suggest that elevated expression of Chi3l1 is significant for the development of atherosclerosis in the APPsw-Tg mouse artery.
miRNAs are small non-coding RNA molecules that modulate the stability and/or the translational efficiency of their target messenger RNAs, generally by binding to the respective 3'-UTRs [62] . miRNAs have been identified as key physiological and pathophysiological regulators of complex biological processes linked to multiple cardiovascular diseases including atherosclerosis [63] . Previously, several miRNAs have been identified to be associated with the expression of APP and its function in AD development and disease progression. For example, miR-20a, miR-17-5p, miR-106b, miR-101, miR-16, and miR-193b were identified as negative regulators of APP and furthermore are considered as potential diagnostic and prognostic markers for AD [64] [65] [66] [67] . In addition, a few miRNAs such as miR-24 and miR-449a are known to target Chi3l1 and regulate its biological functions [38, 68, 69] . However, the association between miRNAs, APPsw, and Chi3l1 in vascular inflammation and atherosclerosis has not been addressed. Therefore, in this study, we searched for miRNAs that are regulated in the inflamed carotid endothelium in APPsw-Tg mice and explored their involvement in Chi3l1-mediated vascular inflammation and atherogenesis. Among 14 miRNAs identified by in silico target prediction analysis targeting miRNAs for both Chi3l1 and APP from among the list of genes previously identified as being differentially expressed in partially ligated carotid endothelium [45] , we found that miR-342-3p, previously reported to be downregulated in the blood of AD patients [46, 47] , was significantly downregulated in APPsw-Tg mice compared to non-Tg mice as well. It was further reported that miR-342-3p, which is also downregulated in a murine heart failure model [70] , likely plays a role in cell viability, migration, and proliferation in human cervical cancer, the development of lymphoma, MYC transcriptional activity in human lung cancer, and in the adipogenesis of mesenchymal stem cells [71] [72] [73] [74] [75] [76] [77] . However, the functional role of miR-342-3p in vascular inflammation and atherosclerosis through regulating Chi3l1 expression has not previously been reported.
Here, we found that the overexpression of miR-342-3p mediated by a specific miRNA mimic generally reproduces the effects seen following the Chi3l1 knockdown, consistent with our demonstration that miR-342-3p binds to the Chi3l1 gene 3' UTR and represses its expression in ECs under inflammatory conditions. Taken together, these results suggested that decreased miR-342-3p expression in APPsw-Tg mice endothelium leads to a rise in Chi3l1 expression, resulting in the exacerbation of vascular inflammation and the development of atherosclerosis in APPsw-Tg mice.
In conclusion, we demonstrated that Chi3l1 plays a key role as a pro-atherogenic factor in vascular inflammation and atherosclerosis development in APPsw-Tg mice through enhancing EC inflammation and VSMC migration and proliferation. We further demonstrated that miR-342-3p acts as an anti-atherogenic miRNA through directly targeting Chi3l1, and that APPsw mediates increased expression of Chi3l1 by reducing miR-342-3p expression in the arterial endothelium, promoting atherogenesis in APPsw-Tg mice. Our findings suggest that the convergent targeting of Chi3l1 and miR-342-3p might provide new diagnostic and therapeutic strategies for vascular diseases in patients with AD.
Materials and Methods
Animals and ethics statement
Human APPsw (K595N/M596L)-expressing mice under the control of the NSE promoter in the C57BL/6 background strain and non-Tg littermates were kindly provided by the Korea National Institute of Food And Drug Safety Evaluation (Cheongju, Chungbuk, Korea) [78] . C57BL/6J and ApoE −/− mice (B6.129P2-ApoEtm1Unc/J) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). We bred APPsw-Tg mice with ApoE −/− mice (B6.129P2-Apoe tm1Unc /J, Jackson Laboratory, Bar Harbor, ME, USA) to generate ApoE −/− /APPsw-Tg mice to generate ApoE −/− /APPsw-Tg mice. The transgenic status of each animal was confirmed by PCR from tail-tip DNA using specific primers for the human APP (5'-CTG AGT CTG CAG TCC TCG A-3' and 5'-CTC TTC TCA CTG CAT GTC TC-3' forward and reverse, respectively). The ApoE knockout was detected using a set of 3 primers (primer 1: 5'-GCC TAG CCG AGG GAG AGC CG-3'; primer 2: 5'-TGT GAC TTG GGA GCT CTG CAG C-3'; and primer 3: 5'-GCC GCC CCG ACT GCA TCT-3'). These primers amplify a 155 bp wild-type band (primers 1 and 2) and a 245 bp targeted (null) band (primers 1 and 3) ( Figure S7 ). All animal studies followed the guidelines of the Animal Care and Use Committee of Chungbuk National University (Cheongju, Chungbuk, Korea). All protocols involving mice in this study were reviewed and approved by the Chungbuk National University Institutional Animal Care and Use Committee (IACUC) and complied with the Korean National Institute of Health Guide for the Care and Use of Laboratory Animals (CBNUA-792-15-01).
Animal studies with partial carotid ligation surgery
Mice were anesthetized initially with 3.5% isoflurane; this dose was then reduced to 1.5-2% during the entire procedure while the mice were subjected to partial carotid ligation of the LCA as previously described [41] . Briefly, the LCA bifurcation was exposed by blunt dissection and three of four caudal LCA branches (left external carotid, internal carotid, and occipital arteries) were ligated with 6-0 silk sutures, leaving the superior thyroid artery intact. The contralateral RCA was left intact as an internal control. The surgical incision was then closed with 6-0 monofilament sutures and the analgesic buprenorphine (0.1 mg/kg) was administrated subcutaneously. The mice were monitored until recovery in a chamber on a heating pad.
Microarray procedures
At 48 h after partial ligation, endothelialenriched total carotid intimal RNAs were separately obtained from the LCA and RCA of APPsw-Tg and non-Tg mice as described previously [41] . Intimal RNA samples from the carotid arteries of 4 mice were pooled to obtain approximately 50 ng of total RNA as a single array sample, yielding 3 array samples from the 12 mice per group. All RNA samples used for the DNA microarray study passed an initial quality control test using a BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA) and each sample was linearly amplified, according to our prior protocol [42] . Each sample was then used for microarray studies using GeneChip ® Mouse Gene 2.0 ST arrays (Affymetrix, Santa Clara, CA, USA) at BioCore Co. (Seoul, Korea). After hybridization in a GeneChip ® Hybridization Oven 645 (Affymetrix), washing and staining steps were performed in a GeneChip ® Fluidics Station 450 (Affymetrix) and then the GeneChip ® arrays were scanned on a GeneChip ® 3000 7G scanners (Affymetrix) to determine the probe fluorescence intensity. The raw probe intensities were then normalized using the quantile normalization algorithm [79] .
Microarray data analysis and bioinformatics
The normalized microarray data were statistically analyzed using GeneSpring GX 13.0 software (Agilent Technologies). The differentially expressed genes between LCA and RCA that showed ≥2.0-fold changes at P-values of <0.05 by 1-way ANOVA were identified. The lists of differentially expressed genes were interrogated for statistically significant overrepresented cellular functions and disorders using the Cluster 3.0, TreeView, DAVID, KEGG pathway, and GeneSpring GX 13.0 software programs.
Co-expression network analysis and functional annotation
We constructed co-expression networks using two publicly available microarray datasets (GSE44770 and GSE9647). The first microarray datasets (GSE44770) [80] from the PFC of people with Alzheimer´s disease (n = 129) and unaffected controls (n = 101) were downloaded from the GEO database (http://www.ncbi.nlm.nih.gov/geo/). The normalized microarray data were used to generate gene co-expression networks using WGCNA [81] . The second data sets (GSE2639) were from TNF-α treated human vascular endothelial cells (HUVEC, n = 4) and mock-treated HUVEC (n = 4) for 5 h. The normalized expression values were used as input for Weighted Correlation Network Analysis (WGCNA) [81] to generate a network. DAVID (http://david.abcc. ncifcrf.gov/home.jsp) was used to identify the biological processes that were significantly enriched in the genes included in the co-expression modules [82] . P-values <0.05 were considered significant.
Arterial wall thickening and atherosclerotic plaque formation assessment
For studies of arterial wall thickening, APPsw-Tg and non-Tg littermate control mice were maintained on Paigen HFD [83] (Science Diets, Topeka, KS, USA) containing 1.25% cholesterol, 15% fat, and 0.5% cholic acid for 4 weeks following the partial carotid ligation surgery. Animals were euthanized by CO2 gas inhalation and perfused with saline containing heparin, then the aorta and carotid arteries were carefully excised and dissected free of surrounding fat tissue. Aortas and carotid arteries were photographed using a digital microscope device (ToupCam TPH02000A, Hangzhou, China) with a scale bar for reference. LCA and RCA tissues were embedded in Tissue-Tek ® optimal cutting temperature compound (Sakura Finetek, Torrance, CA, USA), and stored at −80 o C until used. Frozen tissue sections (7 μm) were prepared as previously described [45] . To visualize aortic wall thickness, sections were stained with H&E, then micrographs were taken using a light microscope (Axio Imager A2, Carl Zeiss, Oberkochen, Germany) at 10× magnification and images were analyzed using NIH ImageJ software as described previously [45] . Lesion areas (% opaque area of the total LCA area), lesion size (cross-sectional areas; intima-media area), and wall thickness (intima-media thickness) were quantified using three individual sections from each LCA segment as described previously [84] .
For studies of atherosclerotic plaque formation, aorta and carotid arteries from partial carotid ligated ApoE −/− /APPsw-Tg and ApoE −/− mice fed an HFD for 10 days were carefully excised and the surrounding fat tissue was removed by dissection. The RCA and LCA were photographed using a digital microscope device (ToupCam TPH02000A) and then frozen tissue sections were prepared as described above. To visualize atherosclerotic plaques, oil-red-O staining of the tissue sections was carried out as previously described [85] ; tissues were imaged using a light microscope (Axio Imager A2, Carl Zeiss, Oberkochen, Germany) at 10× magnification, and micrographs were obtained. Images were analyzed using NIH ImageJ software; lesion area (% opaque area covered by a plaque of the total LCA area) and plaque size were quantified using three individual sections from each LCA segment as previously described [45] .
Immunohistochemistry
Frozen sections were fixed in a 1:1 mixture of methanol/acetone for 10 min at room temperature (RT) and then blocked (1 h at RT) using 10% (v/v) donkey serum in phosphate-buffered saline (PBS). Immunohistochemical staining was carried out using the following antibodies: Chi3l1 (1:100; Abcam, Cambridge, UK), VCAM (1:50; BD Pharmingen, Franklin Lakes, NJ, USA), ICAM1 (1:100; Santa Cruz Biotechnology, Dallas, TX, USA), PCNA (1:150; Cell Signaling, Danvers, MA, USA), and MOMA2 (1:150, Abcam) overnight at 4°C. The sections were subject to incubation with biotinylated secondary antibodies (1:500, Santa Cruz Biotechnology) for 2 h at RT. After washing in PBS, the immunocomplex was visualized using DAB solution (Vector Laboratories, Burlingame, CA, USA) containing 0.08% (v/v) hydrogen peroxide in distilled water, following manufacturer protocol. Sections were dehydrated in a series of graded alcohols, cleared in xylene, and coverslipped using Cytoseal XYL mounting media (Richard-Allan Scientific, Kalamazoo, MI, USA). Micrographs were taken with a light microscope (Zeiss Axio Imager A2) at 10× or 40× magnification.
Adenoviral vector generation for Chi3l1 knockdown and Ad-shRNA-Chi3l1 injection in vivo
An adenoviral vector encoding mouse Chi3l1 shRNA (Ad-shRNA-Chi3l1) was used to knock down Chi3l1 expression. Ad-shRNA-Chi3l1 was constructed (shRNA sense sequence: 5'-GGT TTG ACA GAT ACA GCA ATG-3') by Sirion Biotech (Martinsried, Germany). The U6-shRNA-SV40-pA region of the pO6A5 shuttle vector (pO6A5-U6-mPGK-TagRFP) was transferred via recombination in a BAC vector containing the genome of the replication Ad5-based vector deleted for the E1/E3 genes. Adenoviral particles were produced by construction of the shRNA expression shuttle vector into the HEK-293 cells. Cloning success for the resultant vector was verified by restriction analysis and DNA sequencing. To investigate the role of Chi3l1 on atherosclerosis in vivo, ApoE −/− /APPsw-Tg and ApoE −/− /non-Tg littermate control mice were injected with either Ad-shRNA-Chi3l1 or the empty vector control (Ad-RFP) (10 8 p.f.u. per animal, via the tail vein) 5 days prior to partial carotid ligation and 10 days HFD exposure.
qPCR
Total RNA was collected from mouse carotid endothelium or EC cultures in 700 μL of QIAzol ® and was purified using the miRNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's protocol. For the measurement of mRNA expression, total RNA was reverse transcribed into complementary DNA (cDNA) using a High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA, USA). The resulting cDNA was subjected to qPCR using the QuantiFast ® SYBR ® Green PCR master mix (Qiagen) with custom-designed specific primers and incorporating 18S as a house-keeping control on a StepOnePlus™ Real-Time PCR System (Applied Biosystems). Primer sequences used for mRNA expression are listed in Table S14 . For the detection of miRNA, cDNA was prepared in a reverse transcription reaction using a miScript II RT Kit (Qiagen). Expression of mature miRNA was determined using a miRNA-specific miScript Primer Assay and a miScript SYBR ® Green PCR Kit (Qiagen), following the manufacturer's instructions. Relative fold changes in the expression of the target genes were calculated using RNU6B as an internal control. The fold changes between groups were determined for all targets using the 2 ΔΔCt method.
Cell culture and treatment with siRNA and the miRNA mimic iMAECs were generated from C57BL/6 mice as previously described [86] . HUVECs were purchased from Lonza (Walkersville, MD, USA) and were cultured and maintained as described previously [87] . Primary mouse arterial VSMCs were isolated from the thoracic aorta of C57BL/6 mice and maintained as described previously [88] . Chi3l1 siRNA (OriGene, Rockville, MD, USA) or a miR-342-3p mimic (mirVana™, Thermo Fisher Scientific, Waltham, MA, USA) were transfected into cells using the Lipofectamine ® RNAiMAX transfection reagent (Thermo Fisher Scientific) in normal culture medium, following the manufacturer's protocol.
Monocyte-EC binding assay
Following the treatment of iMAECs or HUVECs with rhChi3l1 for 24 h, a monocyte-EC binding assay was performed using fluorescence-labeled THP-1 cells as described previously [89] . To test the effect of Chi3l1 knockdown or miR-342-3p overexpression on monocyte-EC adhesion, iMAECs or HUVECs were transfected with Chi3l1 siRNA or the miR-342-3p mimic for 24 h, then cells were treated with IL-6 (10 ng/mL) for 24 h and a monocyte-EC binding assay was performed.
NO measurement
Cellular NO in iMAECs and HUVECs was quantified using the fluorescence spectra of intracellular 4,5-diaminofluorescein diacetate (DAF-2 DA, Merck Millipore, Darmstadt, Germany) as described previously [90] . Cells were pre-incubated with HEPES buffer (5 mM HEPES, 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl 2 , and 5 mM glucose, pH7.4) containing 1 μM Ca 2+ ionophore, A23187 (Sigma) for 20 min. Subsequently, cells were incubated at 37°C and 5% CO 2 with 10 μM DAF-2 DA for 15 min and were harvested and lysed by sonication. Supernatants were then obtained by centrifugal fractionation, diluted, and scanned using a spectrofluorophotometer (RF 5301PC, Shimadzu, Kyoto, Japan) at excitation and emission of 495 and 515 nm, respectively. NO was calculated using DAF-2 DA fluorescence intensity [90] .
Smooth muscle cell proliferation and migration
To test the effect of rhChi3l1 on VSMC proliferation, VSMCs were placed in serum-free medium overnight and stimulated with rhChi3l1 for 24 h; then, cell proliferation was determined using a BrdU cell proliferation assay kit (BioVision, Milpitas, CA, USA) following the manufacturer's protocol. To test the effect of Chi3l1 knockdown or miR-342-3p overexpression on VSMC proliferation, cells were transfected with Chi3l1 siRNA or the miR-342-3p mimic for 24 h and then treated with 25 ng/mL PDGF-BB for 24 h, following which cell proliferation was determined. To assess migration, VSMCs were seeded in a μ-Dish with Culture-Insert for cell migration assays (ibidi, Martinsried, Germany) and were maintained in serum-free media overnight prior to the migration assay. VSMCs were stimulated with rhChi3l1 or PDGF-BB, then the migrated cells were monitored for 24 h by taking a picture every 3 h. The cell-covered area was quantified using NIH ImageJ software.
Preparation of whole-cell lysates and immunoblotting
Following treatment, cells were washed three times with ice-cold PBS and lysed with radioimmunoprecipitation assay buffer. The protein content of each sample was determined using a DC assay kit (Bio-Rad, Hercules, CA, USA). Aliquots of cell lysates were resolved by size by 10% SDS-PAGE and subsequently transferred to a PVDF membrane (EMD Millipore, Billerica, MA, USA). The membrane was incubated with a Chi3l1 antibody (Abcam; 1:1,000) at 4°C, followed by incubation with the secondary antibody (1:5,000) for 1 h at RT. Protein expression was detected using a chemiluminescence method. Full-sized scans of all western blots are provided in Figure S8 .
Dual-luciferase activity assays
Measurement of firefly luciferase activity was obtained at RT using the Luc-Pair miR Luciferase Assay Kit (GeneCopoeia, Rockville, MD, USA) and a luminometer (1420 Luminescence Counter, PerkinElmer, Waltham, MA, USA). Dual-luciferase reporter constructs containing the 3′-UTR of Chi3l1 containing a miR-342-3p-binding site (5′-GUG AGA GUC ACA GUG UGA G-3′) (GeneCopoeia) or a mutated miR-342-3p-binding site (5′-GUG AGA GUC ACA UGU GUC U-3′) (custom cloned at Cosmogenetech Co., Seoul, Korea) were transfected into iMAECs using a Nucleofection Kit (Lonza). iMAECs were transfected first with wild-type or mutated target gene 3′-UTR using the HUVEC Nucleofector Kit (Lonza) and were allowed to recover for 24 h. The second transfection was performed using increasing concentrations of miR-342-3p mimic and control-miR with the Lipofectamine ® RNAiMAX transfection reagent (Thermo Fisher Scientific). Firefly and Renilla luciferase activities were measured using a Luciferase assay system (Promega, Madison, WI, USA) as per manufacturer recommendation.
Statistical analysis
Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla, CA, USA). Pairwise comparisons were performed using 1-way Student's t-tests. Data are presented as mean ± SEM of the indicated number of experiments. Differences between groups were considered significant at P-values below 0.05. 
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